Abstract--Sorption of benzene onto Cu-montmorillonite was characterized by Fourier transform infrared (FTIR) spectroscopy and ~3C magic angle spinning nuclear magnetic resonance (MAS NMR). Under anhydrous conditions, chemisorption of benzene in the interlameUar region of Cu-montmorillonite led to the formation of a dark red surface complex that exhibited a vibrational spectrum similar to that of doped poly-p-phenylene. When the benzene sorption reaction was carried out under high relative humidity conditions, polymerization of benzene did not occur. The FTIR spectrum of the surface complex formed under wet conditions exhibited vibrational bands that could not be assigned to those of the parent benzene molecule or to those of previously observed chemisorbed Type I or Type II complexes. ~3C MAS NMR spectra of ~3C-enriched benzene sorbed onto Cu-montmoritlonite powder showed the presence of two groups of peaks that could be assigned to aromatic and aliphatic carbon respectively.
INTRODUCTION
Sorption of benzene onto transition metal exchanged montmorillonite results in the formation of chemisorbed surface complexes that have characteristic UVvisible, vibrational, and ESR spectra (Pinnavia and Mortland, 1971 ; Van de Poel et aL, 1973; Soma et al., 1983) . Vibrational spectroscopy has provided valuable information to differentiate physisorbed and chemisorbed surface complexes. The infrared spectrum of benzene physisorhed on Cu-montmorillonite is characterized by a 13 cm-~ shift to higher frequency in the C-H out of plane u~l mode compared with its position in liquid benzene (Pinnavaia and Mortland, 1971) . Depending on the water content of the clay, two types of chemisorbed benzene complexes were observed. Partial dehydration of the clay prior to exposure to benzene vapor results in the formation of a green surface complex designated as the Type I complex by Doner and Mortland (1969) and Pinnavaia et al. (1974) . Benzene sorption onto strongly dehydrated Cu-montmorillonite, however, leads to the formation of the Type II complex with characteristic vibrational and UV-visible spectra (Doner and Mortland, 1969; Pinnavaia et aL, 1974) . Eastman et al. (1984) did not distinguish between a simple Type I or Type II scheme but found that the reaction products of benzene chemisorbed on Cumontmorillonite depended on the reaction time and the concentration of water in the reaction medium. They proposed that hydrogen and oxygen from water were incorporated into the reaction products. In addition to the Lewis acid character of the Cu-montmorillonite, they proposed that the hydration sphere Copyright 9 1993, The Clay Minerals Society of the exchangeable cation could act as a source of Bronsted acidity in the chemisorption reaction due to hydrolysis. Based on infrared evidence, Pinnavaia and Mortland (1971) proposed that the benzene ring was edge-bonded to Cu +2 in a manner similar to that in Cu(C6Hr)A1CL complexes.
The nature of the Type II complex was less evident from infrared spectroscopic characterization (Pinnavia et al., 1974) . A very broad absorption band centered ~2000 cm ~ was attributed to a low-energy electronic transition (Pinnavaia and Mortland, 197 l) . Soma et al. (1984) observed a correspondence between IR spectra of Type I and Type II chemisorbed complexes and those ofpoly-(p-phenylene) and the poly-(p-phenylene) cation, respectively. They concluded that the chemisorption of benzene onto Cu-montmorillonite resulted in the polymerization of benzene in the interlamellar region of the clay. Supplementing their IR data with Resonance Raman (RR) measurements, Soma et al. (1984) observed that in the spectra of the Type I complex, the 1283 cm -1 (inter-ring CC stretching) and the 6c~ in-plane bending at 1240 cm-~ bands underwent blue shifts to 1324 and 1271 cm-t, respectively, when the Type II complex was formed. The assignment of the bands was in accordance with the Raman bands of biphenyl and biphenyl anion radical.
Higher molecular weight species were detected by mass spectral analysis of methanol extracts of Cusmectite-benzene (Mortland and Halloran, 1976) . when the mineral matrix in the benzene-Cu-montmorillonite system was dissolved by acid digestion, the IR spectrum of the residue was similar to that ofpoly-p-phenylene with two new bands at 805 cm -~ attributed to "y(CH) out-of-plane deformation and at 1002 cm ~ attributed to 6(CH) in-plane deformation previously obscured by absorption of the clay matrix in that region (Stoessel et aL, 1977; Walter et aL, 1990) . A net darkening of the red Type II complex was observed (Stoessel et al., 1977) after several cycles of hydration/dehydration and was attributed to polymerization favored by reoxidation of Cu § into Cu +2. In addition to the three major vibrational bands (at 810, 1005, and 1485 cm-~), Walter et al. (1990) observed less intense bands (705 and 770 cm ~) that the authors attributed to monosubstitutions at the end of the polymer chain. Based on the ratio of the ~ mono (705 + 770 cm-~)/para (810 cm -t), the authors estimated that there were nine benzene rings in the poly-p-phenylene formed in the interlamellar region of Cu-montmorillonite. The relative intensities of the mono and para bands of the first cycle diminishes as compared with those of the 20th and 40th cycles, suggesting a reticulation process. In the infrared spectra of the Type II surface complex acquired in the presence of the mineral matrix, the 1005 cm-1 band is masked by overlapping clay bands while the 1485 (common to benzene) and the 810 bands of poly-p-phenylene are observed. While high molecular weight reaction products were detected by mass spectral analysis of methanol extracts of Cu-smectitebenzene (Mortland and HaUoran, 1976) , the extracted species were not rational multiples of benzene.
The available spectroscopic evidence regarding the chemisorption of benzene in the interlamellar region of the clay shows the formation of one or more new chemical species that have a higher molecular weight and are characterized by different vibrational spectra than the parent benzene molecule. The objective of this study is to identify the sorbed species at different water contents using FTIR and ~3C MAS NMR.
MATERIALS AND METHODS

Preparation of self-supporting-clay films of homoionic montmorillonite
The SAz-1-montmorillonite used in this study was obtained from the Source Clays Repository located at the University of Missouri. Ten grams of montmorillonite were allowed to equilibrate in 1 liter of 0.5M NaCI (pH = 6) for 24 hr. The NaC1 supernatant was discarded from the flocculated clay suspension. The clay was repeatedly washed with deionized water and centrifuged until the supernatant tested negative for C1 using the standard AgNO3 test. The Na-montmorillonite suspension was size-fractionated by centrifugation, and the fraction having an e.s.d, of <2 um was collected and flocculated with 0.05 M CuC12 (pH = 4.36). Aliquots of Cu-montmorillonite were washed with deionized water and 1 ml suspensions (2.5 mg clay/g of the suspension) were deposited onto polyethylene sheets and allowed to dry overnight. The selfsupporting clay films were peeled off by running the sheet over the edge of a glass slide. Powdered copper montmorillonite was prepared by dialyzing the homoionic clay in deionized water until it tested negative for CI using the AgNO3 test. The salt-free Cu-montmorillonite was frozen in an ethanol-dry ice bath (-117~
The samples were lyophilized on a Virtis freeze-dryer for 24 hr.
FTIR experiment
The FTIR spectra were obtained using a Bomem DA 3.10 FTIR spectrometer controlled by a Digital Equipment Corporation Vaxstation-II computer. The Bomem spectrometer incorporates a Michelson interferometer with a KBr beamsplitter and a mercury-cadmium-telluride (MCT) detector. The mirror velocity was set to 1 cm s -~, and the temperature of the ceramic source was estimated to be 1200 K.
In the first set of FTIR experiments, one clay film was equilibrated with water vapor at 100% relative humidity for 24 hr in a desiccator. After 24 hr, liquid benzene was placed into the desiccator and this film was exposed to benzene and water vapor for 24 hr. The clay film resulting from the first set of experiments will be referred to in the Results and Discussion sections as the partially hydrated clay film. In the second set of experiments, a clay film was exposed to benzene and water vapors for 24 hr, and the clay was desiccated using P205. The clay film turned dark red within 24 hr, and it was kept under P2Os until it was characterized by FI'IR. The clay film resulting from the second set of experiments will be referred to in the Results and Discussion sections as the strongly dehydrated clay films. During the transfer operation from the desiccator to the gas cell, the clay film was exposed to the atmospheric moisture and almost instantaneously turned green.
The clay films were mounted in a 10 cm pathlength gas cell fitted with two ZnSe windows using Viton-Orings. Benzene along with P205 or water were present in the cell depending on the desired moisture conditions. The clay film was held in place in the gas cell between a magnetic and stainless steel plate that had an ID of 1.0 cm. The clay holder was positioned perpendicular to a stainless steel base plate. The pressure in the cell was kept at 1 atmosphere, and the interferometer and sample compartment were evacuated to 0.02 Torr.
A combined gravimetric-FTIR experiment was conducted using an FTIR-gravimetric cell (Johnston et aL, 1991) . The Cu-clay film self-supporting clay film was left to equilibrate under P205. When an equilibrium weight was reached, the electrobalance was evacuated to 10 -2 Tort using the gas manifold and vacuum pumping station. The benzene was degassed separately before being introduced to the cell under a pressure equivalent to 3 Tort. When the gravimetric data indicated equilibrium condition, the system was rehydrated. The spectra were run at optical resolutions of either 1 or 2 cm 1. Typically, 250-500 scans were co-added for the sample and reference scans. A Hamming apodization function was used to transform the interferograms.
Sorption of 13C6H6 onto Cu-SAz-1 for solid state NMR analysis
A glass apparatus was designed to study the vapor phase sorption of labeled benzene (13C6) onto Cumontmorillonite for solid-state NMR analysis. Three hundred and thirty milligrams of the freeze-dried clay were placed under P2Os in a 25 ml round-bottom flask and evacuated for 2 hr at 10 -2 Torr. The Cu-montmorillonite was then exposed to 13C6H 6 vapors (in equilibrium with 0.5 g 13C6H6) for 72 hr, yielding the characteristic reddish Type II complex. The red complex was heated at 110~ for 24 hr, which prevented it from changing to the green Type I complex when exposed to atmospheric moisture. The sample was ground to pass through a 100 mesh sieve.
Solid state NMR experiments
The sample was packed in a 5 mm Maycor rotor and spun at 3.3-3.5 KHz. The magic angle was set using 79Br spectrum of KBr. The ~3C MAS and CP MAS NMR spectra were collected at 75.45 MHz using a Nicolet NT-300 spectrometer controlled by a Nicolet 1280 computer. Chemical shifts were measured relative to tetramethylsilane (TMS) using hexamethylbenzene (HMB) as a secondary reference (~ = 132.3 ppm assigned to aromatic carbon and 16.9 ppm assigned to aliphatic carbon). A delay time of 25 s was chosen in both the single-pulse and the cross-polarization experiments. The single-pulse experiment was conducted under continuous proton decoupling conditions to reduce linebroadening due to IH-13C dipolar coupling. In the cross-polarization experiment, a 90 ~ pulse of 14 #s and a contact time of 1 ms were used.
RESULTS
Vibrational data
FTIR spectra of benzene, Cu-montmorillonite, and benzene sorbed on montmorillonite at different water contents are shown in Figures 1-3. 695-895 cm-1 region. FTIR spectrum of benzene physisorbed on a hydrated Cu-montmorillonite clay film is shown in Figure 1C . The broad band at 844 cm -1 corresponds to the OH deformation frequency of AI-(O-H)-AI structural moiety in montmorillonite (Farmer, 1974 ; Figure 1A ). The v~ (hoop(C-H)) deformation 1400 1500 1600 1700
Wavenumber Figure 3 . FTIR spectra of benzene sorbed onto Cu-montmorillonite ( 1400-1700 cm-~ region): A) Cu-montmorillonite~ B) benzene vapor; C) physisorbed benzene (partially hydrated clay film); D) Type I complex (partially hydrated clay film); and E) Type It complex (strongly dehydrated clay film).
band centered at 674 cm-~ was optically saturated in this study. Consequently, only the high-frequency shoulder starting at 695 cm -~ is shown ( Figure 1B) . With further desiccation of the benzene-Cu-montmorillonite complex on the partially hydrated clay film, the spectrum shows the presence of a shoulder at 706 cm~ ~ ( Figure 1D ). The sorption reaction of benzene on strongly dehydrated Cu-montmorillonite produced a rapid darkening of the clay film. The vibrational spectrum of the strongly dehydrated clay film was characterized by the appearance of a new band at 800 cm-( Figure IE) .
1175-1375 cm-~ region.
The vapor phase and the physisorbed benzene spectra ( Figures 2B and 2C ) do not show any absorption bands. The partially hydrated clay film ( Figure 2I )) exhibits absorption bands at 1221, 1227, 1233, 1300 and 1363 cm -~. The vibrational spectrum of the strongly dehydrated clay film exhibits a band at 1275 cm -~ ( Figure 2E ) within less than 5 min after benzene is introduced into the system following extensive desiccation. The 1204 cm -~ band ( Figure 2E ), by contrast, forms after the first hydrationdehydration of the Type II complex and increases in intensity with repeated hydration-dehydration.
1400-1700 cm -~ region.
This vibrational region is free from absorption bands from the clay ( Figure 3A) . The vapor phase spectrum of benzene ( Figure 3B ) is characterized by three bands at 1473, 1483 and 1495 cm -I that Correspond to P, Q, and R of the u~9 mode. A shift of 5 cm-~ and 13 cm-i to lower frequency for benzene sorbed on the clay was observed relative to the vapor phase spectrum of the Q branch of the /J19 mode as illustrated in Figures 3C and 3D , respectively. An additional band in Figure 3D is observed at 1586 cm-~.
A new band is also observed at 1541 cm -~. The results of the combined gravimetric-FTIR ex, periments are shown in Figure 4 on a double Y axis plotted as a function of exposure time to P205. The combined effect of the total amounts (mg/g of clay) of benzene sorbed and water desorbed on the weight of the self-supporting clay film is plotted on the right Y-axis. The left Y-axis shows the area of the characteristic water and chemisorbed benzene bands. The rate of increase in the intensity of the 1275 cm-~ and the 154I cm -~ bands attributed to chemisorbed benzene reaches a plateau at the same time as the 1630 cm -~ band attributed to water of hydration of the Cu+2(H30)~ has reached its lowest intensity.
13C ~dAS and CP MAS NMR
The ~H T~ spin-lattice relaxation times for poly-pphenylene and other oligomers that are suspected to form when benzene is sorbed onto Cu-montmorillonite vary between 910 s for biphenyl to 21 s for p-sexiphenyl and 0,48 s for poly-p-phenylene (Murray et al., t984) . The presence of paramagnetics (i.e., doping with Crm(acac)), has been found to reduce both the ~H and ~3C T~ relaxations for polysterene by about 400 fold (Sullivan and Maciel, 1982) . A delay time of 25 s was chosen for this study, and two ~3C solid-state NMR experiments were run under magic angle spinning (MAS) conditions. The single pulse spectrum (in Figure  5A : 3240 accumulations over 22 hr) shows two broad resonances one in the 130-140 ppm region and another at 60 ppm. Under cross-polarization conditions (in Figure 5B " 8472 accumulations over 58 hr), only the peak in the 130-140 ppm region is observed. 
(c) Figure 6 . Reaction scheme of benzene with partially hydrated clay film.
is due to physisorption where no change occurs in the 685-885 region of the vibrational spectrum of the vapor phase parent benzene (Figure I C) . With further desiccation of the partially hydrated clay film, a 32 cm -] blue shift of the vl 1 C-H deformation band is observed in the form ofa~shoulder at 706 cm-] ( Figure  1D ), which is characteristic of the Type I complex detected in previous studies (Pinnavaia and Mortland, 1971) . Comparable blue shifts ranging in magnitude from 2 cm ] in the case of Ag(lll) to 157 cm-' for Pt(111) have been observed when benzene was chemisorbed onto different metal surfaces (Koel et aL, 1984) . The magnitude of the shift of the CH out-of-plane bending mode has been used as a means of evaluating the metal-ring bond-strength for arene,metal complexes (Koel et al., 1984) . The sorption reaction between benzene and strongly Cu-montmorillonite leads to the formation of the Type II complex as a result of a single electron transfer (SET) reaction. The Type II complex is characterized by a band at 800 cm -~ ( Figure  1E ), which has been attributed to the formation ofpolyp-phenylene (Stoessel et al., 1977) . In the polymer literature, the IR absorption band at 803-805 cm -] is indicative of parasubstitution in poly-p-phenylene (Kovacic and Jones, 1987) .
1175-1375 cm -1 region. The presence of water molecules during the equilibration of benzene with the partially hydrated clay film may have contributed to the formation of bands attributable to oxygen and/or hydrogen containing surface species (Kovacic and Jones, 1987; see Figures 6A and 6B) . The cation radical can also be subject to fragmentation resulting in the formation of aliphatic reaction products. Mass spectral data (Mortland and Halloran, 1976) showed that extracted reaction products of the Type II complex were not rational multiples of benzene, which supports the theory of fragmentation and the possibility that some of the unassigned bands (see Figure 2D : 1221, 1227, 1233, 1300, and 1363 cm-~) could correspond to lower molecular weight hydrocarbons ( Figure 6B ). When multilayers of water are present, the nucleophilicity of the water may prevent the formation of the reaction product that gave rise to the 1275 cm -~ band. The presence of water at concentrations higher than 5 x l0 2 M was found to prevent the polymerization of benzene by electrosynthesis on a Pt electrode (Aeiyach and Lacaze, 1989) , presumably because of the nucleophilieity of water, which causes it to react with cation radicals as soon as they formed. The formation of substituted biphenyls where the para positions are occupied by O/OH groups would explain why further polymerization would not have occurred ( Figure 6C ).
1400-1700 cm-i region.
The equilibration of benzene with strongly dehydrated Cu-montmorillonite is propitious to the formation of poly-p-phenylene ( Figures  7A-C) . Soma et al. (1984) compared the spectra of the Type I and Type II complexes with those of poly-pphenylene and doped poly-p-phenylene and found that there was good agreement. The 1280 and 1530-1541 cm-] IR bands (Soma et al., 1984;  this study) observed in spectra of the Type II complex are two out of four bands that show in the spectra of poly-p-phenylene when poly-p-phenylene are doped and become conducting. The 980 and 1180 cm 1 bands in doped polyp-phenylene would be masked by those of the clay matrix in the benzene-Cu-montmorillonite system. The doping of poly-p-phenylene using an electron acceptor (e.g., AsFs) has been shown to result in further polymerization (Shacklette et al., 1980) of parent oligomers. In a photoacoustic infrared study of doped and undoped poly-p-phenylene, Yaniger et al. (1984) suggested that the Raman-active 1598 and 1216 cm modes in undoped poly-p-phenylene become IR active in doped poly-p-phenylene as a result of symmetry breaking. The authors hypothesized that the 1216 cmband would undergo a blue shift and show at 1280 cm-~ when the electronic structure of the poly-p-phenylene changes from benzoidal to quinoidal upon doping ( Figures 7B and 7C ). The dopant causes conjugational defects to form in the polymer chain (Zannonni and Zerbi, 1985) . The likely electronic structure of the doped poly-p-phenylene is thought to consist of a sequence of paraquinoid benzene rings intercalated between benzenoid rings, thereby forming a bipolaron ( Figure 7B ). The formation of the chemisorbed complex in the interlamellar region of Cu +2 saturated smectires (Doner and Mortland, 1969) , recently attributed to doped poly-p-phenylene (Soma et aL, 1984) , has since been recognized as one of the more novel ways of synthesizing poly-p-phenylene by Kovacic and Jones (1987) . The weight gained/lost of the self-supporting clay film, measured along with the formation of new vibrational bands in the combined gravimetric-vibrational experiment, is more difficult to interpret because of occurrence of several concomitant processes (e.g., dehydration, chemisorption, etc.; see Figure 4 ).
13C MAS and CP MAS NMR
In the ~3C MAS and CP MAS NMR spectra ( Figure  5 ), the resonance between 130 and 140 ppm is assigned to aromatic (the ~3C NMR signal of liquid benzene is . Reaction scheme of benzene with strongly dehydrated clay film (for accepted electronic structures of polyparapheneylene, see Zannonni and Zerbi, 1985) .
128.5 ppm down field from MeSi4) , possibly polymeric, surface species (the ]3C CP MAS NMR signal of biphenyl is at 128 ppm for ortho C, 131 ppm for meta C, 139 ppm for unprotonated para C, in Murray et aL, 1984) . The presence of the resonance at 60 ppm is an indication that other surface species are present that seem to have aliphatic character (Wilson, 1987) . The presence of aliphatic surface species, conceivably resuiting from fragmentation of the benzene ring, corroborates the mass spectral findings by Mortland and Halloran (1976) that the reaction byproducts of benzene adsorbed onto Cu-montmorillonite are not necessarily rational multiples of benzene. The broad linewidth caused by paramagnetic Cu in the system precludes further identification of surface species beyond the aromatic and aliphatic assignment. Theoretical (Nayeern and Yesinowski, 1988) and experimental (Walter and Oldfield, 1987 ) MAS NMR studies ofparamagnetic solids have provided insight into characteristic effects such as linebroadening, enhanced side- uting to the formation of oxygen or OH p-substituted biphenyl, 2. Fragmentation of the radical cation is postulated based on the FTIR and solid-state NMR observation ofaliphatic species in addition to the aromatic reaction byproducts. 3. Under exhaustive desiccation conditions, the chemisorption of benzene leads to the formation of polyp-phenylene similar to those formed by electrochemical means. It remains to be seen whether the "doped" Type II poly-p-phenylene formed in the inteflamellar region of the clay has the same conducting properties as the one synthesized by other catalyst-oxidant combinations.
